
 1 

Zinc deficiency and low enterocyte zinc transporter expression in human patients with autism 

related mutations in SHANK3 

Stefanie Pfaender, Ann Katrin Sauer, Simone Hagmeyer, Katharina Mangus, Leonhard Linta, Stefan Liebau, Juergen 

Bockmann, Guillaume Huguet, Thomas Bourgeron, Tobias M. Boeckers, Andreas M. Grabrucker 

 

Supplementary Figures 

 



 2 

Supplementary Figure 1. Zinc (Zn) and Copper (Cu) concentrations in the hair of participants. (a) 

Hair samples were collected from 23 healthy participants (within the same age range and similar 

male/female ratio as PMDS patients). Concentrations of Zn were determined using ICP-MS and are 

shown in ppm. Two participants (8.7%) were identified with Zn levels below the normal range (< 

95 ppm). (b) Evaluation of patient data from hair analysis of individuals diagnosed with PMDS. 

The fraction of individuals with low Zn/Cu ratio per age group is shown. Measurements of hair of 

individuals below three years of age are limited due to limited amount of hair. From five subjects in 

the group, only in three, Zn and Cu could be measured. (c,d) No clear association between low 

Zn/Cu levels and the presence of hypotonia and seizures in participants was seen. Participants with 

ADD/ADHD and other attention or hyperactivity issues were frequently found to have low Zn/Cu 

ratios. (d) Due to the limited sample size or limited presence of symptoms, no association between 

the occurrence of Arachnoidal cysts, and heart and skin problems could be made (not shown). The 

prevalence of right-handedness seems to be less pronounced in comparison to the general 

population, with 8 left (le) - handed compared to 14 right (re) - handed participants and 5 

participants with no clearly visible side preference. (e) One participant (Participant # 21) that 

displayed low Zn levels was reported to have undergone Zn supplementation with 10 mg Zn per 

day for 3 weeks and thus was re-evaluated after this period. Only very few millimeters of hair were 

used to cover the latest period of growth. The results show a strong increase in Zn content. Other 

trace elements were not severely affected within the period of Zn supplementation. However, 

several months after discontinued Zn supplementation, a Zn deficiency is re-established. After 

discontinued supplementation, Mg levels are low, but confirmatory analysis could not be performed 

based on limited sample size. (f) The Zn/Cu ratio that was at the lower limit before supplementation 

shows a strong increase after Zn supplementation and a drop back after discontinued 

supplementation. 
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Supplementary Figure 2. Sequencing information from chromosome 22 of PMDS1 and PMDS2. 

The deletion size and affected genes are shown. 
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Supplementary Table 1. List of deleted genes on chromosome 22q from patient 1 and 2 and 

assessment of their putative relevance for Zn homeostasis. 
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Supplementary Figure 3. Expression analysis of SHANK genes in hiPSC derived cells. Expression 

analysis of SHANK3 reveals a significant decrease in PMDS patients (n = 2 patients per group 

analyzed in triplicates). Expression levels are shown normalized to levels of HMBS. Smaller insert 

(top right of graphs) shows individual data points for each measurement and cell line per group (t-

test, CTRL1 vs. CTRL2: p = 0.5915; PMDS1 vs. PMDS2: p = 0.1197; pooled CTRL vs. PMDS: p 

= 0.0461 (n = 6)). 
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Supplementary Figure 4. (a) Caco-2 cells were transfected with scrambled RNAi (scrRNAi) or 

SHANK3 specific RNAi and stained for SHANK3. The SHANK3 fluorescence intensity was 

measured and the ratio between a transfected (full arrow) and untransfected (open arrow) cell 

calculated. A significant (p < 0.001, t-test, n = 10) reduction of SHANK3 signals can be seen in 

cells expressing the SHANK3 targeting RNAi, corresponding to approx. 50% knock-down. (b) 

Quantification of mRNA expression in lysate obtained from Caco-2 cells transfected with 

scrambled RNAi or SHANK3 specific RNAi. Results show no significant differences in expression 

levels of ZIP2 due to generally low expression resulting in a high standard deviation. A significant 

decrease in ZIP4 mRNA expression is observed in SHANK3 knockdown cells compared to controls 

(t-test, p = 0.0419, n = 3). (c) Overexpression of MYC-SHANK3 in Caco-2 cells. SHANK3 

proteins cluster at the membrane of Caco-2 cells. After exogenous addition of ZnCl2, increased 

nuclear staining and staining of Zn-enriched vesicles membranes is seen. (d) Western blot analysis 

of protein lysate reveals a significant increase of SHANK3 levels in SHANK3 overexpressing 

Caco-2 cultures. No significant alterations in ZIP2 and ZIP4 levels can be observed (n = 3, for 

statistical analysis, all values were normalized to MYC transfected controls (MYC) (t-test, 

SHANK3: p = 0.0426). (e) Quantification of mRNA expression in lysate obtained from MYC and 

MYC-SHANK3 transfected Caco-2 cells. Results show no significant differences in expression 

levels of ZIP2 and ZIP4 in SHANK3 overexpressing cells compared to controls (t-test, n = 3). (f) 

Quantification of mRNA expression in lysate obtained from GFP and GFP-SHANK3R1119X 

transfected Caco-2 cells. Results show no significant differences in expression levels of ZIP2 and 

ZIP4 in SHANK3R1119X overexpressing cells compared to controls. However, a clear trend 

towards an up-regulation is seen, especially for ZIP4 (t-test, ZIP4: p = 0.058, n = 3). (g) Western 

blot analysis of protein lysate obtained from GFP and GFP-SHANK3R1119X transfected Caco-2 

cells. No significant alterations in ZIP2 and ZIP4 levels can be observed (t-test, n = 3, all values 

were normalized to controls). A trend towards an up-regulation is seen for ZIP2 and ZIP4.  
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Supplementary Figure 5. (a) Caco-2 cells were treated for 30 min with the Zn chelator TPEN or 

supplemented with ZnCl2 and compared to untreated cells. Visualization of Zn by Zinquin ethyl 

ester staining shows a significant decrease of Zn after Zn depletion and an increase after 

supplementation (one way ANOVA, F = 138.682 p < 0.0001; n = 10; Post hoc analysis shows a 

significant difference between Zn depleted and Controls p < 0.0001, and Zn supplemented and 

Controls p < 0.0001). (b-d) The signal intensity of SHANK3 (b), ZIP2 (c), and ZIP4 (d) was 

measured under the treatment conditions. No significant differences were detected after 30 min 

incubation (one way ANOVA, SHANK3: F = 0.219 p = 0.810; ZIP2: F = 1.8863 p = 0.2314; ZIP4: 

F = 0.587 p = 0.585). A trend towards a compensatory increase in ZIP2 and ZIP4 upon Zn depletion 
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is visible. (e,f) Caco-2 cells were transfected with scrambled RNAi (scrRNAi) or SHANK3 specific 

RNAi for 3 d and treated for 30 min with the Zn chelator TPEN or supplemented with ZnCl2 and 

compared to untreated cells. The fluorescence intensity of ZIP2 (e) and ZIP4 (f) was measured and 

the ratio between a transfected and untransfected cell calculated. (e) Under control conditions, no 

significant influence of treatment is observed on the immuno-reactive signal intensity of ZIP2 

(ANOVA, scrRNAi: F = 2.423 p = 0.108; SHANK3 RNAi: F = 0.028 p = 0.2972). However, under 

all conditions, the levels of ZIP2 are significantly lower in SHANK3 knockdown cells  (n = 10, pZn 

depleted = 0.0003; pControl = 0.0003; pZn suppl. = 0.0025). (f) No significant influence of treatment is 

observed on the immuno-reactive signal intensity of ZIP4 (ANOVA, scrRNAi: F = 0.781 p = 0.468; 

SHANK3 RNAi: F = 0.472 p = 0.629). Under control conditions, the level of ZIP4 is significantly 

lower in SHANK3 knockdown cells  (n = 10, p = 0.0225). 

 


